Within the challenging environment of intelligent transportation systems (ITS), networked control systems such as platooning guidance of autonomous vehicles require innovative mechanisms to provide real-time communications. Although several proposals are currently under discussion, the design of a rapid, efficient, flexible, and reliable medium access control mechanism which meets the specific constraints of such real-time communications applications remains unsolved in this highly dynamic environment. However, cognitive radio (CR) combines the capacity to sense the radio spectrum with the flexibility to adapt to transmission parameters in order to maximize system performance and has thus become an effective approach for the design of dynamic spectrum access (DSA) mechanisms. This paper presents the enhanced noncooperative cognitive division multiple access (ENCCMA) proposal combining time division multiple access (TDMA) and frequency division multiple access (FDMA) schemes with CR techniques to obtain a mechanism fulfilling the requirements of real-time communications. The analysis presented here considers the IEEE WAVE and 802.11p as reference standards; however, the proposed medium access control (MAC) mechanism can be adapted to operate on the physical layer of different standards. The mechanism also offers the advantage of avoiding signaling, thus enhancing system autonomy as well as behavior in adverse scenarios.
Introduction
The scientific community has shown an increasing interest in intelligent transportation systems (ITS) over the last few years. Early attempts to apply information technologies to road transport systems yielded various approaches, such as digital short range communications (DSRC) [1] in the USA. Later, with the goal of establishing a universal framework, several international bodies launched their proposals to support future intelligent transport system applications [2] . These agencies include an industrial consortium, the car to car communication consortium (C2C-CC) [3] , the international organization for standardization (ISO), which has developed the communications access for land mobiles (CALM) initiative, the CVIS (cooperative vehicle infrastructure systems) project [4, 5] , and the IEEE, which has developed the wireless access for the vehicular environment (WAVE) protocol suite [6] and the 802.11p specification [7] , which is considered the most acceptable proposal of all these frameworks.
More recently, several technology companies, research centers, and leading vehicle manufacturers have been developing a number of alternatives in order to offer vehicles with different automatic driving levels [8] [9] [10] . Several research bodies and technology companies have demonstrated their proposals, including VisLab [11] , IAI-CSIC, which has developed the AUTOPIA project [12] , Google [13] , and Bosch [14] . Consequently, ITS are considered a very important source of innovative ideas, projects, and applications, for example, those related to platooning guidance [15, 16] or others related to more typical situations in ITS [17, 18] .
One of the most interesting challenges in regard to these systems is to develop a universal wireless communication system which provides the communication capacity required by the vast majority of possible applications envisaged for this field. Such is the aim of the IEEE standard known as WAVE [6] , which includes the 802.11p specification [7] , a new member of the extensive IEEE 802.11 family. The design of this new specification is based on the great advantages of the other protocols in the 802.11 family but also includes particular modifications to improve its adaptation to vehicle surroundings [6, 7] .
The IEEE 802.11p medium access control protocol incorporates the carrier sensing multiple access/collision avoidance (CSMA/CA) mechanism contained in the b and g specifications widely used to gain access to networks and the Internet. In order to improve system performance, enhanced distributed channel access (EDCA), an update in the IEEE 802.11a specification, has been included to provide quality of service [19] . However, not all ITS applications have the same communication requirements. Furthermore, some traffic safety applications require real-time communication with high reliability, meaning that packets must be successfully delivered before a certain deadline [20] [21] [22] [23] . To meet a realtime deadline, timely and predictable access to the channel is paramount; however, the medium access method used in IEEE 802.11p does not guarantee channel access before a finite deadline [21] [22] [23] .
Several techniques within the cognitive radio (CR) paradigm [24] [25] [26] have recently been developed related to spectrum exploration [27] [28] [29] and dynamic spectrum access [30] [31] [32] . These techniques can be applied to the design of medium access control mechanisms in the quest for solutions offering a better performance than the conventional proposals.
This paper outlines the enhanced noncooperative cognitive multiple access (ENCCMA) proposal, which has evolved from the noncooperative cognitive time division multiple access (NCC-TDMA) proposal [20, 33] . Dynamic spectrum access (DSA) and spectrum exploration techniques are used in order to expand the mechanism's capacities and improve its performance by applying a combination of both time division multiple access (TDMA) and frequency division multiple access (FDMA) schemes. The rest of the paper is organized as follows. Section 2 gives a detailed description of the problem. Section 3 presents an analysis of recent papers on cognitive radio. Section 4 provides a description of the model of the system analyzed. The ENCCMA proposal is described in detail in Section 5, while the simulation results and conclusions are given in Sections 6 and 7, respectively. time and signaling required for a node to send information to network members.
However, as with the rest of the IEEE 802.11 family, the IEEE 802.11p uses CSMA/CA as a medium access control (MAC) mechanism. In addition, IEEE 802.11p also includes enhanced distributed channel access (EDCA) in order to improve the performance of this mechanism in ITS scenarios [19] . This mechanism was already included in the IEEE 802.11e amendment to improve quality of service by classifying traffic according to four different priorities. Therefore, the resulting medium access control mechanism is contention-based, rather than deterministic, since it cannot guarantee medium access within a bounded time [21] , and thus the improvement provided by EDCA does not ensure deterministic access delay. EDCA performance depends on the level of priority assigned to messages exchanged within the system [19, 34] , and the existence of a large number of high priority messages will reduce effectiveness. Because of this nondeterministic nature of the IEEE 802.11p, it is not suitable for traffic safety applications where low-delay, reliable, realtime communication is required.
There are several published solutions that attempt to improve the properties of the IEEE 802.11p medium access control mechanism and satisfy the specific functions required by ITS applications. These are classified as contention-based and schedule-based protocols [35] . Schedule-based dynamic schemes are suitable for networks in which the topology or members are variable. In these cases, access schedules are continuously calculated to reflect network changes. Selforganized dynamic access is more suited to the special characteristics of vehicular environments [20] . In this case, allocation becomes the responsibility of the system users themselves. Consequently, the medium access control mechanism can contend with high levels of user mobility and inherent network topology variations in ITS.
Another possible classification for MAC mechanisms in the field of ITS can be made between proposals for a final specific application in the system versus fully generic solutions whose operation is not restricted to a certain type of application. There are several proposals for applicationbased MACs, such as position-based MACs which leverage the need to disseminate the current position, speed, and direction of vehicles in the context of ITS. The self-organizing time division multiple access (STDMA) mechanism [21] is an illustrative example of this type of proposal, which requires the transmission of protocol signaling in order to allow users to generate access planning. This paper presents a generic, self-organized, and scheduled medium access control mechanism. This proposal provides the deterministic features required by real-time communications in the ITS field. Moreover, it can be adapted to any application and act as a single MAC or as a complementary MAC for the solution.
Cognitive Radio
This section describes how cognitive radio has become an important source of new techniques frequently used to design medium access control mechanisms. Several proposals in this field have recently leveraged both spectrum sensing and dynamic spectrum access, including the present ENCCMA proposal.
Cognitive Radio Properties.
Cognitive radio [24] [25] [26] is an intelligent wireless communication system that is aware of its environment and uses understanding-by-building methodology to learn from the environment and adapt to statistical variations in the input stimuli by effecting the corresponding changes in determined real-time parameters. The twofold aim of CR, to obtain a highly reliable and efficient communication system, constitutes a perfect match with ITS requirements.
The core of the cognitive network is the cognitive cycle [36] , which consists of six processes: observe, orient, plan, decide, act, and learn. A cognitive network achieves networklevel cognition by integrating the cognitive cycle across layers in the protocol stack and through the network nodes. Such cognitive nodes require an architecture that supports observation of the state of the network, collective reasoning to achieve end-to-end network goals, learning from past actions, and reconfiguration of cognitive nodes based on collective decisions.
One of the main ideas that CR exploits is observation of spectrum use in order to take advantage of free spectrum zones (spectrum holes) at any given moment. Searching for these holes and using them constitute one of the main objectives of CR [37] . Consequently, CR systems have receptors observing the medium (spectrum sensing) [27] and detecting occupancy by any kind of signal.
The result of this spectrum occupancy observation leads to one of the greatest challenges of CR-based systems: the design of dynamic spectrum access techniques. These techniques are designed according to the level of cooperation among users and range from noncooperative distributed schemes to completely centralized ones.
Spectrum Sensing and Dynamic Spectrum
Sensing. In a previous paper presenting the NCC-TDMA proposal [20, 33] , the concepts of CR were applied in terms of spectrum sensing, learning, and system adaptability to the radio environment.
Observation of medium occupancy is one of the most important capabilities of CR, as this enables detection of underutilized spectrum holes which can therefore be used for transmissions by secondary users. This feature of CR is associated with spectrum sensing and DSA techniques, with the latter being defined as a method to adapt to the use of spectrum resources to the present situation and user requirements [30] . Both of them now constitute one of the main pillars in the design of medium access mechanisms, as can be seen in [27, 31] .
One example of a medium access control mechanism using these techniques is cognitive MAC for VANET (CMV) [38] . In this paper, the spectrum sensing techniques described in [28] are applied over the channel distribution described in the WAVE standard.
Multichannel in WAVE.
Following the guidelines established in DSRC [1] , the WAVE standard includes a multichannel operation based on seven different channels: six of them are called service channels (SCH) [34, 39] , while the seventh is the control channel (CCH) [6] . Although the EDCA strategy is applied to each of these channels, the control one is responsible for critical messages, or, in terms of ITS, real-time communications. Moreover, the possibility is provided of using a higher transmission power for the control channel in order to improve the likelihood of successfully carrying out a transmission on that channel. In summary, the capacity of WAVE to support real-time communications can be measured by the operation of the protocol on the control channel.
Learning and Adaptability.
The NCC-TDMA proposal leverages the concept of learning and adaptability through the estimation allocation vector (EAV). This tool enables each user to associate each transmission slot to a value of the estimated probability of finding that slot free for transmission. The values of this vector are updated in accordance with the result of the previous transmission attempt using the algorithm described in [20] . This same idea is applied in the CMV mechanism [38] . Unlike the generic approach employed in NCC-TDMA, CMV specifically executes the mechanism over the WAVE channel scheme using a tool named spectrum status table (SST), which stores the status of the spectrum sensed near the device. By storing this information, each user can adapt to any environment condition, at least to those registered in the SST in the case of CMV [38] or in the EAV in the case of NCC-TDMA.
The advantages of this mechanism are taken to a higher level in the proposal described in the present paper. The ENCCMA exploits this functionality and enhances it in two ways:
(i) by maintaining a generic approach that is not restricted to the division of channels included in WAVE but is rather applied to a division of both frequency channels and time slots using a combination of TDMA and FDMA and the estimation allocation vector (EAV) thus becomes the estimation allocation matrix (EAM);
(ii) by improving the accuracy of the information stored for each user through the inclusion of a secondary updating mechanism that decreases the time required for the information stored in the EAM to accurately reflect spectrum occupancy conditions at any given time.
The next section describes the model of the system designed, analyzed, and simulated in order to develop the ENCCMA proposal described in detail in Section 5.
System Model
The starting point for an analysis of the ENCCMA proposal is platooning guidance of autonomous vehicles. In this collaborative transport scenario, vehicles are grouped into convoys, and each convoy is headed by a leader vehicle which transmits the route information to the rest of the convoy members (followers). Control of each follower requires knowledge of the motion state of the preceding unit, and the dissemination of this information is critical because loss of these messages could jeopardize the stability of the convoy chain [15] . In addition, other maneuvers can produce variations in spectrum occupancy, such as vehicles joining or leaving the convoy. In summary, it is a system in which users must convey critical information within a specified maximum deadline and the system itself must cope with a variable number of users as well as different interfering signals due to the existence of other convoys or other services sharing the medium.
Scenario.
To simplify the experiments, the special conditions of start, stop, line change, and the generation of reference paths for the convoy on a real map are not discussed here. Thus, the convoy can be considered as a group of freely flowing vehicles on an unbounded map. It is assumed that the vehicles are traveling in convoy and can separate from it (leaving the communication system) in the same way that other vehicles can join it as new users.
Trajectory control and tracking tasks require cooperation among users. However, from the point of view of the communication system and CR, the system is not cooperative because the messages exchanged among users only contain application information which is not related to management of the medium access control mechanism. There is no need for signaling among users as the vehicles never send information about the transmission region they are using. This feature renders users completely autonomous from the communication point of view.
Channel.
According to the definition of WAVE, the shared medium should be divided in accordance with the channel scheme included in the specification [6] . As a result, only the seven specified channels may be applied, ignoring the specific use defined in the standard for each channel. It should be noted that, for the simulation experiments conducted, the shared medium was divided into channels in a generic way in order to avoid the temporary restriction imposed by the WAVE specification. The main requirement of real-time applications in ITS is that the exchange of messages must be made within a critical time limit . The shared medium is divided according to this limit in order to conform to the TDMA-FDMA frame. Both time slot duration and channel frequency range are determined by the needs of the application.
In addition, the following is assumed.
(a) During each transmission, it is possible to transmit all the information needed by each user to fulfill the system requirements.
(b) Once the medium has been accessed, there are no external interferences in the communication process.
Communication.
To perform the envisaged functions of the new proposal, it is assumed that all users rely on a communication system capable of observing the medium (spectrum sensing) in the same way as the systems described in [27] [28] [29] , which is equipped with an auxiliary device providing time synchronization [27] . Given both these capabilities, the end users will be able to manage their communications themselves in a decentralized and autonomous way without the need to receive information from any other user in the system (signaling).
Key Aspects.
In summary, the following aspects characterize the model of the communication system under study.
(i) The shared medium is exploited using a combination of TDMA and FDMA schemes. The main frame lasts and is divided into time slots. Each time slot is also divided into frequency channels.
(ii) Thus, a total number of transmission regions are established for the system users in a multiframe.
(iii) Each participant must transmit his data within the time limit . Thus, it is necessary and sufficient to access the medium in one transmission region.
(iv) Once a participant has accessed the medium during the period of transmission in the selected region, it will be considered that the transmission has been carried out correctly.
(v) Vehicles are equipped with a spectrum sensing communication system which provides each user with spectrum occupancy knowledge.
(vi) Vehicles are equipped with time devices to provide multiframe synchronization.
(vii) For the medium access control mechanism, there is no cooperation among users. They neither exchange signaling nor have explicit knowledge of transmission regions used by the remaining users.
The ENCCMA Proposal
The enhanced noncooperative cognitive medium access (ENCCMA) proposal represents a development of the NCC-TDMA mechanism which improves the latter's efficiency by guaranteeing a bounded medium access delay to ITS applications which require real-time communications. The original proposal consisted of a TDMA-based medium access control mechanism. Each user stored information about the occupancy estimation of each slot by applying CR techniques. This information was then used to select the best slot to perform the information transmission required by the application. Subsequently, that information was updated depending on the result of each of these transmissions by applying a bonuses-and-penalties algorithm. This was a nondeterministic mechanism that enabled each user to learn and adapt to rapid changes in VANET environments.
The ENCCMA mechanism has been designed in response to the need for an improvement in the application of DSA and CR techniques to enhance the performance of the original proposal.
Increasing System Capacity.
As with other existing alternatives [38] , including WAVE itself [6] , the ENCCMA proposal incorporates a multichannel operation. Following the principle of neutrality and generality of the mechanism, it is not applied in a fixed frequency division scheme. Rather, the mechanism has been designed bearing in mind that the availability of spectrum and channels can be freely set. Therefore, the shared medium is not only divided into time slots, as in the NCC-TDMA, but an FDMA scheme is also implemented in each time slot. Thus, the medium is operated using a combination of TDMA and FDMA schemes, resulting in transmission regions defined by time slots and frequency channels which notably increase the maximum number of users that can interact in a given application. The granularity of these divisions is not restricted by the mechanism but rather the requirements of the application determine the medium division scheme.
The tool used by the NCC-TDMA mechanism to store the estimated spectrum occupancy information was a vector whose elements represented the estimated occupancy information for each user and time slot. In the ENCCMA proposal and with the emergence of multichannel operations, this vector has evolved into a matrix, the estimation allocation matrix (EAM), in which each user can store his information about the estimated occupancy of each transmission region. As with the NCC-TDMA, it is necessary to organize the access to the multiframe transmission regions according to the possibility of finding these regions occupied by other system users. Consequently, the use of transmission schemes operates as shown in the example illustrated in Figure 3 . It should be noted that this operation is performed while maintaining the constraint of avoiding signal transmission, rendering each user completely autonomous in the system.
Improving Spectrum Sensing.
The ENCCMA strategy provides a substantial improvement in spectrum scan capabilities compared to the original NCC-TDMA proposal. The estimated occupancy information stored in the EAM changes as a result of accessing the medium to perform the transmission required by the application. In addition, it also changes by means of a complementary exploration mechanism, the aim of which is to increase the accuracy of the stored information within the shortest possible time. Therefore, users can select the best transmission region in each iteration. However, this additional exploration is not free in terms of the efficiency pursued by CR. Therefore, the ENCCMA strategy establishes a cost function in order to determine the optimal number of regions to be explored in each iteration. This cost function can be adapted to the needs of each application or system by modifying the parameters shown in Table 1 .
Performance Index.
A performance index has been designed with the aim of increasing the adaptability, learning, and efficiency of the system. It describes the exploration cost in the system and it allows the algorithm to determine the optimum number of regions to inspect in each iteration. To take into account all the elements of the system, in the design process the following considerations have been made.
(1) Resources Consumption versus Spectrum Occupancy Knowledge. Two main terms determine the algorithm decision: the cost of exploring the regions and the current knowledge of the spectrum occupancy. It is necessary to maintain a compromise solution between the algorithm performance (always exploring everything in the ideal case) and the minimum consumption situation (not to explore any extra region).
The parameter was included to balance the relative importance of each term in the performance index evaluation:
where:
(i) is cost function or performance index, (ii) is weight parameter, aimed to balance the importance of the two main terms in the performance index; ∈ (0, 1), (iii) is parameter related to the current spectrum occupancy knowledge, and (iv) is parameter related to the cost of exploration. Listen-no rx.
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Listen-rx. ok the number of regions to explore in the iteration and the total number of regions and, on the other hand, the cost of exploration of a single region which is a term defined by the hardware characteristic of the system. The number of regions to explore is the value that the algorithm has to determine by minimizing the cost function. Therefore,
where (i) is number of regions to explore,
(ii) is total number of regions, and (iii) is exploration cost of a single region.
(3) Parameter Related to the Spectrum Occupancy Knowledge.
The parameter is defined from a curve obtained from a set of configuration parameters and a variable related to the knowledge of the historical spectrum occupancy. If the information about spectrum occupancy is recent, the number of regions to explore can be reduced. However, if the information was obtained many iterations ago, the number of explorations must be increased. The configuration parameters and are considered for allowing the adaptation of the performance index to different scenarios. The parameter is simply a slope modifier that can be used to soften the curve variation near the minimum. On the other hand, the parameter contains the information about the exploration in previous iterations. Other variables have been included in the definition of in order to constrain its value in the range (0, 1). The resulting expression for is
where ∈ (1, 30) and includes the information about the exploration history. The term represents a measure of the previous knowledge about the spectrum occupancy. It depends on the total number of regions , a configuration parameter , and the factor ℎ which contains the information about the previous iterations:
The factor ℎ is evaluated as a sum of values that represent the number of explorations performed at iteration , normalized by the total number of regions , and weighted by an exponential function with an adjusting parameter ( ∈ (0, 1)), as shown in the following equation:
According to this definition, the number of regions explored in a recent iteration will be more relevant for ℎ than the number of regions explored in a previous iteration. Therefore, a higher value of ℎ will determine a lower value of the number of regions to explore. In the same way, the higher the value of the parameter is, the lower the value of ℎ is. It means that if in the previous iterations there were not a large number of explorations, in the current iteration the vehicle needs to perform a lot of them to reach a certain level of spectrum occupancy knowledge.
The performance index is completely defined by expressions (1) to (5). The algorithm determines the number of regions to explore in each iteration by obtaining the minimum value.
In Table 1 , the values of parameters used to obtain the cost function plotted in Figure 1 are shown. The same values are used in the simulations performed in Section 6.
As the parameter is related to the exploration history and depends on the number of regions explored in each iteration, the resultant performance index is time dependent and therefore the algorithm has to find the minimum value of the curve in each iteration.
5.4.
The ENCCMA Algorithm. The ENCCMA algorithm manages the actions of each user in each iteration. Basically, it determines the transmission region and the exploration regions (number and identification). It also updates the EAM with the information obtained from the explorations. The following actions can be performed by each user when accessing the medium: transmit, listen, and explore and listen. The transmit action is performed in the transmission region determined by the algorithm for that purpose. The listen action is performed in order to receive the information transmitted by the other system users. Besides receiving information provided by other users, the explore and listen action senses the medium in the regions identified by the algorithm for this purpose without interfering with any other potential users transmitting in the same regions. Figure 2 presents a flowchart of the ENCCMA algorithm.
Transmission Schemes.
According to the ENCCMA transmission mechanism, each transmission region is divided into three time intervals and each user makes use of them in a different way. If the selected region is the same as the one in the previous iteration, the listen + transmission scheme is applied. First, the user transmits the required information and listens during the third interval of the region to check for the presence of any interference. If the selected region is different from the one selected in the previous iteration, the user senses the medium to check the availability of this region. If it is free, the user transmits its information; otherwise, the user has to reexecute the algorithm to check another region.
An example of the application of different transmission schemes can be seen in Figure 3 , where a convoy of three units exchanges motion information to guarantee the stable movement of the formation. The medium access control mechanism considers three time slots and four frequency channels.
Estimation Allocation Matrix Update.
The EAM is the tool that enables each user to determine the present status of the medium. In the ENCCMA, the EAM is rapidly updated via the auxiliary scanning process. Before transmission, each element of the matrix represents an estimate of finding the associated transmission region unoccupied. Each scan of the available transmission regions provides occupancy information which is used by the algorithm to apply bonuses if the region is found to be free or penalties if it is found to be busy. Thus, a penalty is applied to a matrix element associated with an occupied region, in order to lower its possibilities of being selected as a transmission region by the algorithm. In contrast, a bonus is applied to a matrix element associated with a region found to be unoccupied in each iteration, facilitating its selection as transmission region for the user in future iterations. A detailed definition of the bonuses and penalties used for the EAM update can be found in [20, 33] . A user who has successfully transmitted, after applying bonuses, remains in the listen state until the next frame; otherwise, a new iteration is triggered.
Summary of Main Features.
Summing up, the main aspects of the ENCCMA proposal are as follows.
(i) It represents a natural evolution of the NCC-TDMA strategy described in [20] .
Mathematical Problems in Engineering
(ii) Improvements have been made in two main areas:
(a) leverage of multichannel capacity, increasing the system's capacity by using a combination of TDMA and FDMA schemes; (b) leverage of new CR techniques in the field of spectrum sensing [27] and dynamic spectrum access [30] . Consequently, this new proposal senses medium status (spectrum occupancy) and reflects potential environment variations in VANET scenarios more rapidly. It allows each user to select the best region to transmit in each iteration.
(iii) These original restrictions have also been considered.
(a) The resultant MAC must meet the real-time communications requirements of VANET scenarios. (b) The use of signaling must be avoided in order to maintain the complete autonomy of each system user. Each user must be able to perform any application function by transmitting the required information without the need to receive any signaling information from any other user or central station.
(iv) A generic approach has been employed in the design of the ENCCMA.
(a) The protocol can be used as the main medium access control mechanism or as a complementary one. (b) The new multichannel capacity can be freely adapted to any spectrum division scheme, including the IEEE 802.11p multichannel scheme or any other multichannel configurations.
(v) Various aspects of the cost function defined for the complementary exploration function can be configured:
(a) depending on the cost of a single operation of spectrum sensing in terms of energy efficiency; (b) the balance between historical exploration values and immediate ones.
Results
To evaluate the performance of the ENCCMA, a specific tool called SIMITS was implemented using NET C# (available in [40] ). This tool starts from a scenario that matches the characteristics described in Section 4 and allows the user to select the following main aspects: number of users, time as well as frequency divisions, and medium access control mechanisms, including Slotted-Aloha [41] , RR-ALOHA [42] , and the ENCCMA proposal presented here. Slotted-Aloha is one of the most widely studied protocols in the literature. This generic MAC mechanism is not oriented to the application and does not use signaling. RR-ALOHA is based on SlottedAloha but includes a signaling mechanism to render the mechanism self-scheduled. Section 3 made a reference to the cognitive MAC for VANET (CMV). However, the SIMITS tool does not include this alternative among its available protocols because it is a specific mechanism for the spectrum division given in IEEE 802.11p. This means that it is not possible to perform a simulation using CMV over a generic medium scheme without modifying its performance. It should be noted that both Slotted-Aloha and RR-ALOHA are proposals which start from a TDMA scheme. However, SIMITS is capable of simulating environments with combined TDMA and FDMA schemes for these access mechanisms without taking into account the considerations of a real implementation of these protocols over any kind of combined TDMA and FDMA schemes. This is also the reason why all the selected mechanisms are generic and not application oriented. This means that every MAC selectable by the simulator can operate over any kind of access (TDMA, FDMA, or combinations of TDMA and FDMA). In the case of the previously described protocol (CMV), this is not possible because its nature is strictly associated with the WAVE spectrum division scheme.
In addition, this tool is capable of simulating channel occupancy by means of interfering signals. Therefore, scenarios with very dense spectrum occupancy have been tested, revealing some interesting conclusions about mechanism performance in such types of situation, as can be seen in Section 6.2. 
Throughput Comparison in Nominal
where message size is calculated according to the encoding for each modulation type [7] , as shown in Table 2 .
In the case of RR-ALOHA, it is necessary to take into account the extra size of the message related to the signaling required for the protocol [42] . Consequently, to calculate the throughput when using RR-ALOHA, an extrasized user message is added according to rr aloha user data size = user data + 2 * number of users. Figure 4 shows the simulation results for a small scenario in ideal conditions (no interferences), where all the mechanisms tended to reach the maximum throughput per user and per frequency channel. As can be seen, both the ENCCMA and RR-ALOHA were capable of reaching an equilibrium situation and avoiding the occurrence of collisions. However, this was not the case of Slotted-Aloha, where collisions occurred throughout the simulation experiment.
The results shown in Figure 5 were obtained using the same conditions as in the previous experiment but with a shared medium divided into a combined TDMA and FDMA scheme and modifying the protocol behavior of SAloha and RR-ALOHA to allow frequency channels. It can be seen that the performance of the tested mechanisms was quite similar to that obtained with the basic scenario, which only considered time division. As expected, Slotted-ALOHA offered a lower throughput since vehicles using this mechanism collided when trying to communicate.
Throughput Comparison in a High
Interference Scenario. Simulation results were also obtained for the scenario described in the previous section but considering the existence of multiple interfering signals so that the remaining available transmission regions were equal to the number of users. Each vehicle had to use one of these remaining free regions to transmit without interfering with other vehicles or with the external signals purposely generated in the experiment. This situation illustrates the capacity of the mechanisms to adapt to changes in the environment and also highlights the capabilities and performance of each evaluated mechanism in similar situations of high interference scenarios.
As can be seen in Figure 6 , only the ENCCMA mechanism was capable of recovering equilibrium in the system. In the equilibrium situation, all the users were able to carry out transmission of the information required by the application. In the case of RR-ALOHA, the throughput curve did not reach the downward trend of Slotted-Aloha, but the mechanism was nevertheless still unable to return to the equilibrium situation. For the platooning guidance of autonomous vehicles, only the ENCCMA mechanism could ensure convoy stability. Thus, in order to ensure convoy stability, the system parameters must be configured to maintain the maximum communication time among vehicles lower than the maximum time to reach equilibrium by the medium access control mechanism. It should be noted that the case under study is a difficult communication scenario due to the presence of multiple interfering signals, which requires the mechanism to work at maximum capacity. In this situation, the mechanism can still reach the equilibrium, but the system is brought to its capacity limit. The same conditions were also applied to a more complex scenario with an increased number of users over a combined TDMA-FDMA scheme, and the simulation results are shown in Figure 7 .
The Slotted-Aloha mechanism values have obviously been removed from Figure 7 . The behavior of this mechanism was worse than the other two alternatives analyzed, as can be seen in the previous experiments. The RR-ALOHA mechanism reached initial equilibrium faster, due to the benefits that this protocol obtains from using signaling. In this initial stage, the ENCCMA had not yet acquired any knowledge about spectrum occupancy, and thus it required more iterations than RR-ALOHA to reach equilibrium. Given that the medium was divided into 10 time slots and 6 frequency channels in the test scenario, the multiframe system consisted of 60 transmission regions, so that the ENCCMA mechanism reached equilibrium in the second multiframe. Typical values for the specific case of platooning guidance of autonomous vehicles could be about 100 ms. The interferences were introduced into the system around the simulation of transmission region number 180. At this point, both mechanisms had to begin adapting to the shared medium changes in order to recover an equilibrium situation, as required in ITS applications.
The RR-ALOHA mechanism was unable to achieve equilibrium, as indicated by the indefinite increase in the number of collisions. The throughput curve corresponding to this mechanism continued to grow slightly since some users managed to find a transmission region to transmit without collision. However, other users tried to transmit in busy regions, generating collisions and indicating that the mechanism was not able to recover an equilibrium situation.
The ENCCMA mechanism recovered the equilibrium situation following exploration of around 300 regions after two multiframes. This would be around 200 ms, considering typical values in platooning guidance. Although the drop in initial performance of the ENCCMA was more noticeable than in the case of the RR-ALOHA mechanism, it was actually able to recover the equilibrium situation in the worst case scenario. This thus allowed the ITS application to meet the special real-time communication requirements.
Conclusions
This paper describes an enhanced medium access mechanism which has evolved from the proposal made by the same authors described in [20, 33] . The aim of the current proposal is to improve the capacity and efficiency of the system by fulfilling real-time communication requirements in environments such as VANET in ITS. In a scenario involving platooning guidance of autonomous vehicles, the loss of critical information endangers the global stability of the convoy formation. This ITS application, in which it is essential to meet real-time requirements, is a clear example of the application of networked control systems to smart transportation.
The ENCCMA proposal can be considered an alternative mechanism for medium access control in VANET applications that require real-time communication. It provides full autonomy to the vehicle in terms of communications as it does not require signaling for operation. In addition, it can be applied to a system as the sole medium access control mechanism or as a complementary one (e.g., as a CSMA/CA complement). Furthermore, it is completely generic and therefore not application oriented. This means that it is not necessary for an application requiring ITS communication among vehicles to meet any special precondition in order to use the mechanism, unlike the case of other proposals such as the STDMA [21] , which works better for position dissemination applications. Moreover, it can operate multiple schemes of shared medium division: TDMA, FDMA, or combination of both. It is neither restricted to a particular spectrum division in order to share access among users (as is the case of CMV [38] ). Lastly, it is based on the principles of CR (learning and adaptability) and leverages recently developed spectrum sensing and DSA techniques. As a result, it is capable of adapting to rapid changes in medium occupancy either by system users or by external interfering signals.
The global result is a dynamic and autonomous mechanism that takes advantage of medium observation to determine the best transmission region for use each time, and which continuously learns and adapts to environment changes. For guidance of autonomous vehicles in convoy, medium access control is of vital relevance in split and merge maneuvers. In these cases, the medium access control mechanism must deal with new vehicles joining the convoy while maintaining satisfactory transmission for member vehicles. Lastly, although the present version of the mechanism requires time synchronization between system users, a possible future area of research would be to incorporate sufficient complexity into the mechanism to avoid this need.
